In South Africa, Eucalyptus urophylla is an important species due to its disease tolerance to fungal diseases like Crysoporthe austroafricana and the Coniothyrium sp. cankers. It is mainly planted as a parental species in a hybrid combination with E. grandis. Generally, the E. grandis x E. urophylla hybrid has better disease tolerance and higher wood density than pure E. grandis. The current strategy is to maintain large breeding populations of both parental species in order to provide improved elite selections for hybrid crosses on a regular basis. With this in mind, two E. urophylla populations, consisting of five provenance/progeny trials, were established in the subtropical region of Zululand. The aims of this study were firstly to determine the magnitude of genotype by environment interaction of E. urophylla in Zululand; secondly to estimate genetic parameter and 1 correlations for DBH, height and volume; and lastly to identify selections to advance the current breeding population as well as to hybridise with E. grandis.
In the subtropical regions of South Africa, namely Zululand, E. urophylla serves as a very important parental species in a hybrid combination with E. grandis Hill ex Maiden to produce fast-growing clonal plantations for the pulp industry. Eucalyptus urophylla is especially more tolerant to fungal diseases like Crysoporthe austroafricana and the Coniothyrium sp than pure E. grandis in Zululand (Retief and Stanger 2009) . Generally, the E. grandis x E. urophylla hybrid has better disease tolerance and higher wood density than pure E. grandis (Retief and Stanger 2009, Hodge and Dvorak 2015) . The current breeding strategy is to maintain and improve large breeding populations of both parental species in order to provide elite selections for hybrid crosses on a regular basis. With this in mind, two E. urophylla populations were established in Zululand. A total of five trials were established and included a total of 219 families from 17 provenances.
In order to develop the best hybrid breeding strategy for these E. urophylla populations in Zululand, it is important to determine the genetic correlation, the magnitude of genotype by environment interaction (GxE) and estimates of genetic parameters of economically important traits. In this case, tree growth (height, diameter at 1.3 m [DBH] and volume) was identified as the most important trait.
Estimating genetic correlations between the three growth traits could provide information to improve the cost effectiveness of the breeding programme. A good correlation between traits will provide the opportunity to measure fewer traits and make the programme more cost effective.
Various levels of GxE have been reported for E. urophylla (Mori et al. 1990 , Wei and Borralho 1998 , Hodge and Dvorak 2015 . Mori et al. (1990) for example, have reported losses in volume of 26.7% due to GxE. It is therefore important to determine the magnitude of GxE for the two E. urophylla populations in Zululand in order to set up a breeding population and selecting environmentally stable genotypes. Some information on genetic parameters for growth traits of E. urophylla is available. In general, growth of E. urophylla has been reported to be under low to moderate genetic control with narrow-sense heritabilities ranging between 0.11 and 0.41 in China (Wei and Borralho 1998), 0.1 and 0.31 in Vietnam (Kien et al. 2009 ), and 0.15 on average across 5 countries (Hodge and Dvorak 2015) . However, the population structure and environmental factors of these studies are different to the ones in our study, and it's important to investigate the genetic parameters of E. urophylla in Zululand for hybrid breeding using this species.
The aims of this study were therefore to (1) determine the magnitude of genotype by environment interaction of E. urophylla for the Zululand region; (2) to estimate genetic parameters and correlations for DBH, height and survival; and (3) to identify selections to advance the current breeding population as well as to hybridise with E. grandis.
Materials and methods

Breeding material
The first E. urophylla breeding material was imported during [1988] [1989] [1990] . Open-pollinated seed was collected from randomly selected trees located in 17 provenances in Indonesian islands. A total of 219 families from these provenances were imported and established in two populations (PE023 and PV042) across five sites. The parent trees of these families were situated at an altitude range between 175 -1050 meters above sea level (m.a.s.l.). Table 1 gives a breakdown of all the E. urophylla provenances that were established in trials. Table 2) . Each trial was planted in a randomised complete block design (R.C.B.), replicated between four and eight times across each site. Each family was planted in a line plot where the families of the same provenance had been grouped together within each replication ("sets within replications").
Tree planting spacing was 3 m x 2.5 m in all trials. Trial measurements were scheduled at mid-rotation (3 -4 years) and at rotation age (7-8 years). Measurements were not available at all ages for all trials. Growth traits namely: height in metres and DBH in centimetres were taken and under bark tree volume was calculated using the following equation as described by Zhou and Liang (1991) :
Statistical analysis
Standardisation of data
Forest trees often display heterogeneous variances for growth traits where a strong relationship between the mean of the trait and its phenotypic and genetic variances are seen. This relationship is such that the field trials with bigger trees will have larger phenotypic and genetic variances than the field trials with smaller trees even if the trials are at the same age (Hodge and Dvorak, 2012) . In order to deal with this situation, White et al. (2007) recommend data standardization prior to ANOVA, variance component analysis, or multi-site mixed model analysis. Standardization of data will homogenize variances that Trial establishment and measurements will be used together in the linear model. It will also eliminate any spurious GxE (Burdon 1977, Eisen and Saxon 1983) . The standardization for the analysis of this paper was performed as described by Hodge and Dvorak (2012) . First, the coefficient of variation was calculated for each replication for each growth trait.
The mean coefficient of variances (CV y ) for each family-site-trait combination was also calculated. The phenotypic observations were then standardized in each replication to a mean = 100, and standard deviation = 100 x CV y using PROC STANDARD in SAS (SAS Institute 2002) . This is equal to dividing all observations by the phenotypic standard deviation (SD), as recommended by White et al. (2007) , followed by adding a constant (100%) and multiplying by a constant (100 x CV y ). The population mean for the growth trait can therefore be interpreted as 100%, and the associated variances and SD are the same size relative to mean as in the raw data. Predicted breeding values and all variance components can thus be directly interpreted as percentage gain (above or below 100%) without back-transformation or rescaling.
Family-site variance components and genetic parameters
Variance components analyses were done using SAS (SAS Institute 2002). The following variance components analyses were conducted for each family and each site where it was tested:
-Single-trait analyses for the three growth traits (height, DBH, and volume).
-Multiple-trait analyses for the three growth traits at a single-age were used to estimate genetic parameters for each trait, and genetic correlations among traits.
The linear model for all the analyses was the same as described by Hodge and Dvorak (2012) :
Where, yijklm = phenotypic observation of the ijklm th tree  = overall mean Ei = fixed effect of the i th trial R(E)ij = fixed effect of the j th replication nested in the i th trial Pk = random effect of the k th provenance
PEjk = random interaction of the k th provenance and the i th trial
F(P)kl= random effect across sites of the l th family in the k th provenance
F(P)Ejkl= random interaction of the l th family in the k th provenance and the i th trial
eijklm = random error associated with the ijklm th tree
Phenotypic variance within-provenance ( 2 phen) was estimated as follows:
8 Narrow-sense heritability within provenance ( ) was estimated as:
In addition, narrow-sense heritability for family (excluding provenance effect) was estimated as:
Where,
A certain amount of inbreeding and/or percentage full-sibs does occur among openpollinated families. The covariance among open-pollinated families would therefore typically be higher than one-quarter of additive genetic variance (Squillace 1974) . Thus a coefficient of 3 instead of 4 was multiplied by the family variance in the calculation of heritability. Dieters et al. (1995) found that using 3 as a coefficient gives better agreement between parameter estimates from open and controlled pollinated populations of the same genetic material.
The amount of provenance variation was estimated as follows:
9 This way, provenance variation (P 2 ) can directly be compared to additive genetic variation ( and ) (Hodge 2012) . Standard errors of P 2 and of and were estimated using the standard errors of , and respectively, and treating as a constant according to Dickerson's approximation (Dickerson 1969) .
In order to determine the genetic (excluding provenance effect and within provenance) or provenance correlations of the same trait expressed on two sites as described by Burdon (1977) , type B genetic (rBg and rBg(p)) and provenance (rBprov) correlations were estimated as follows:
Type B correlation measures GxE that is due to rank changes across environments. This correlation over multiple sites can range between zero and one. An rb = 1 indicates a perfect correlation between performance in different environments.
A genetic coefficient of variation (GCV) ignoring the provenance effect, and secondly within provenance was calculated as follows:
Where = the trait mean. The GCV expresses the additive genetic standard deviation in terms of percent, and gives an estimation of how much genetic improvement could be made in a trait (Hodge and Dvorak 2012) .
Genetic correlations between traits (DBH-height, DBH-volume and height-volume) were also calculated using SAS at the family, family within provenance and provenance levels respectively.
Across-site variance components and provenance BLUPs
An across-site analysis was done for each trial series using the variable volume. Proc mixed in SAS (SAS Institute 2002) was used to conduct the multiple-trait analysis. Fixed and random effects in the models were the same as defined above. Site-site correlations at the family and provenance level (and standard errors) were estimated directly from the SAS output. These analyses were also used to produce provenance, family and individual estimates using best linear unbiased predictions (BLUPs) for volume at each trial series.
Results
Growth results
Mean DBH, height, volume per tree and survival for each provenance in each trial series are presented in Table 3 . Provenance and families within each provenance effects were significant (p<0.05) in all the trial series in terms of standardised tree volume ( Table 4) .
Although significant, the range in mean DBH for provenances in the PE023 trial series was small. The top performing provenance in the PE023 trial series was Lewotobi (mean DBH = 13.8 cm), and the worst performing provenance was Mandiri (mean DBH = 13.3 cm). A bigger range between provenances was detected in the PV042 trial series where Apui and Wai Kui provenances performed the best (mean DBH = 16.3 cm and 16.0 cm respectively) and Old Uhak the worst (mean DBH = 12.6 cm). Overall, the survival rates of all provenances were relatively good (between 72.9% and 93.6%).
Growth trait correlations and genetic parameters
In order to examine the provenance and genetic correlations between the three different growth traits (height, DBH and volume), genetic parameter analyses were performed. The analysis was done for individual trials and each trial series combined. These results are presented in Table 5 . Overall, there were very strong genetic correlations between the various growth traits. The best provenance and genetic correlations were detected between DBH and volume and ranged from 0.97 to 1.00 for all the analyses performed.
The genetic correlation between height and DBH ranged from 0.71 to 1.00, and between height and volume from 0.78 to 0.99. Provenance correlations between all three growth traits were very similar to genetic correlations at the PV042 trial series. However, provenance correlations between the three growth traits could in most cases not be calculated for the PE023 trial series as the estimates were bounded to the theoretical limit of zero.
Overall, growth was under weak to moderate genetic control in both the E. urophylla populations. At four years, heritability ( ) for height, DBH and volume was calculated as 0.20, 0.12 and 0.14, respectively ( Table 6 ). Higher heritabilities for the three growth traits were calculated at seven years for the PV042 trial series. It must be borne in mind that more families were established in the PV042 trial series, especially at PV042C (162 families). As a result, the variance between families increased and may explain the higher heritabilities ( =0.60 for volume) reported for PV042C relative to other trial sites. The across site heritability ( ) for height, DBH and volume in the PV042 trial series was estimated at 0.17, 0.30 and 0.26 respectively. As expected, the genetic parameter estimates for heritability ( ) and type B genetic correlation (rBg) for family without the provenance effect were higher than the heritability ( ) and type B genetic correlations (rBg(p)) for family within provenance for all three growth traits. This difference was especially evident as P 2 increases. For instance, at the PV042 trial series was lower than for DBH (0.07 and 0.30) and volume (0.06 and 0.26) across the three sites. Four year results of the PE023 trial series showed that was 0.20 and was 0.17 for height. Where P 2 could not be calculated for DBH and height, and are reported as the same (0.12 for DBH and 0.14 for height). The type B genetic correlation for height was higher for the family without provenance effect (rBg = 0.89) than for the family within provenance effect (rBg(p)= 0.86), but the same for DBH and volume (0.61) in the PE023 trial series. However, in most cases provenance variation (P 2 ) and type B provenance correlation (rBprov) could not be calculated for the PE023 trial series due to the insignificance of the provenance effect at the PE023B trial site. Provenance variance was calculated for the PV042 trial series at seven years of age and was lowest for height (0.03) and the same for DBH and volume (0.09) across the three trials. The rBprov followed a similar trend with height being the lowest (0.59) and DBH and volume displaying similar rBprov of 0.77 and 0.76 respectively. The provenance type B correlations were much higher than the type B genetic correlations at this trial series. The rBg(p) for height, DBH and volume were 0.27, 0.20 and 0.14. When the provenance effect was excluded from the analysis, the type B genetic correlation (rBg) for height, DBH and volume increased to 0.44, 0.53 and 0.46 respectively. This is an indication that the provenance effect stayed fairly stable across sites and that a combined site analysis can be performed.
When the genetic coefficient of variation (GCV) was investigated, it was evident that the GCV was lowest for height, intermediate for DBH and highest for volume in all cases. The GCV f(p) for height, DBH and volume was 3.2%, 4.1% and 9.2% respectively in the PE023 trial series. At the PV042 trial series, the GCV f(p) for height, DBH and volume was 2.9%, 3.5% and 7.4% respectively. The GCV f(p) expresses the additive genetic standard deviation (within provenance) in terms of percent. In other words, those trees in the population that have breeding values of one genetic standard deviation above the mean will have 9.2% (in the PE023 trial series) and 7.4% (in the PV042 trial series) more volume growth than the provenance mean (Cornelius 1994) . It is clear that there are tremendous opportunities to make genetic gains in this E. urophylla population. For instance, if it is possible to identify the trees in the PV042 trial series that have breeding values of two genetic standard deviations above the mean, this would represent 14.8% additional gain above the provenance mean (Hodge and Dvorak 2012) .
Best linear unbiased predictions were made for provenance (Gprov), families within provenance (Gfam(p)) and individual trees (Gi). Individual tree breeding values (BV) is equal to the sum of the above mentioned predictions. The predictions are expressed in units of percentage gain above the unimproved population mean for volume. For the purpose of this article, only Gprov and the range in Gfam(p) for the two E. urophylla populations are displayed in Table 7 . Estimations of provenance predictions were calculated to be a theoretical zero at the PE023 trial series. It should be borne in mind that this trial series represents a limited number of only four provenances and the amount of families within provenances ranged between four and 18. In contrast to the PE023 trial series, a big range in provenance predictions was estimated for the PV042 trial series. Predicted gains for Apui and Wai Kui provenances were the biggest at 27.8% and 24.8% respectively.
Predicted gains for Old Uhak provenance were the lowest at -25.3%.
In a scenario where the top 200 individuals are selected based on their BV, the average predicted gains are 54.6% more than the population mean. However, such a scenario will drastically reduce the genetic diversity in the population and will only include individuals from 61 families and 7 provenances. An alternative selection strategy would be to select the top 40 individuals from the PE023 population and the top 160 individuals from the PV042 population, but not more than two individuals per family. The estimated gains (44.7%) of this scenario will be less than the first scenario, but a reasonable genetic base (200 individuals from 100 families and 14 provenances) will remain. The genetic diversity in such a breeding population should be sufficient for future breeding, especially if one takes into account that E. urophylla only gets utilised as a hybrid parent in making crosses with E. grandis in Zululand.
A scenario to construct an elite population, could be to select the top two individuals (based on BV) from the top five families (based on Gfam(p)) of the five best provenances BLUP and genetic gains (based on Gprov). This scenario would result in 50 selections with an average BV of 59.8%
above the population mean.
Discussion
Results of our study indicated that GxE effects would be practically negligible for the growth of E. urophylla in Zululand. Our results coincide with the relatively high type B correlations (above 0.55) reported by Wei and Borralho (1998) , and Hodge and Dvorak (2015) for E. urophylla. Nirsatmanto et al. (1996) reported moderate (0.49 for DBH) type B correlations between two sites in Indonesia, but indicated that predicted gains of the selection index across the sites were still greater than those of the indices at each site.
One exception was the study done by Mori et al. (1990) . The strong genetic correlation between the various growth traits for E. urophylla that was detected in this study was also noted by Hodge and Dvorak (2015) . The results of our study confirm that DBH is a sufficient growth measure to use in E. urophylla breeding programmes. Diameter is easier and quicker to measure than heights and will make the measurements of breeding trials more efficient.
Low to moderate genetic control for all three growth traits was evident in this study. The heritabilities calculated in this study is consistent with those reported by others. Narrowsense heritabilities of 0.11-0.41 was reported for China (Wei and Borralho 1998) , 0.10 -0.31 for Vietnam (Kien et al. 2009 ), 0.10 for Brazil (de Souza et al. 2011 ) and 0.15 across five countries (Hodge and Dvorak 2015) . Other authors have reported that wood quality traits are under more genetic control than growth, and should be considered in the selection process in future. For instance, Greaves et al. (1996) and Wei and Borralho (1997) reported narrow-sense heritabilities for wood basic density of 0.60 and 0.71 respectively. Darrow and Roeder (1983) also reported that E. urophylla has higher basic wood density than pure E. grandis in South Africa. However, even though growth is under less genetic control than wood quality traits, volume was still identified as the dominant trait in determining the economic benefits in short-rotation species for pulp production and should therefore not be neglected (Wei and Borralho 1999) .
At a provenance level, the good growth performance of the Lewotobi and/or Wai Kui provenances in this study agreed with results reported by others (Ngulube 1989 , Zhou and Liang 1991 , Luz et al. 1996 , Wei and Borralho 1998 , Kien et al. 2009 ). One exception was the good growth performance (27.8% gain) of the Apui provenance in our study relative to the study done by Wei and Borralho (1998) . Hodge and Dvorak (2015) reported the same trend for the Apui provenance across countries with genetic gains ranging from -13.9% in Brazil to 3.7% in South Africa. The poor growth performance of the Mandiri provenance was evident in this study, as well as in studies done by Wei and Borralho (1998) and Kien et al. (2009) , but not in the study done by Ngulube (1989) . Ngulube (1989) reported that Mandiri was one of the four best provenances tested in
Malawi. The differences in provenance performance at different countries could be due to the large variation in growth between sources from the same provenance (Hodge and Dvorak 2015) . This points to the need for intensive provenance sampling and testing in E.
urophylla to locate productive sources (Hodge and Dvorak 2015) .
Overall, the relatively large provenance and family variation in the two E. urophylla This scenario would result in 50 selections with an estimated gain of 59.8%. Elite selections could be used to undertake intra-and inter-specific controlled crosses.
Progeny from intra-specific crosses could be infused into the breeding population to enhance the genetic pool with superior genotypes. Superior progeny from the interspecific crosses with E. grandis should be incorporated into an E. grandis x E. urophylla clonal testing programme in Zululand.
Conclusions
The relatively large provenance and family variation detected for the two E. urophylla populations in our study provides an adequate source to select for genetic gains and to maintain genetic diversity for hybrid and pure species breeding. We also conclude from this study that a single E. urophylla breeding population should be sufficient for Zululand due to the relatively low levels of GxE and that only DBH can be used as a growth measure in E. urophylla breeding programmes.
